This study determined the effect of a high vs low resistive inspiratory muscle interval training protocol on inspiratory muscle strength (Pimax) 
This study determined the effect of a high vs low resistive inspiratory muscle interval training protocol on inspiratory muscle strength (Pimax), incremental inspiratory threshold loading (Pitl), inspiratory muscle endurance (IE), and 12-minute distance test (12 MD) in severely impaired patients with COPD. We used a double-blind, two-group, repeated-measure design. Group 8 and low-intensity training;5'9 however, it is unknown which of these is most effective. The primary objective of this study was to test the hypothesis that high-intensity training would be more effective than low-intensity training in improving respiratory muscle performance and exercise endurance in patients with COPD under doubleblinded, supervised conditions. In addition, we evaluated new testing and training procedures (discussed below).
First, we designed an "interval training" protocol consisting of alternating periods of work and rest. 10 Interval training theoretically offers an advantage over continuous training for debilitated populations because lactate, accumulated during higher-intensity work, is partially permitted to clear during periods of rest. 11 Although the importance of anaerobiosis and lactate production by the inspiratory muscles in COPD is unclear, studies from our own laboratories have suggested that significant amounts of lactate are produced during high-resistive loading in normal subjects. ' 2 In addition, we believed it was unlikely that severely impaired patients with COPD could tolerate high-intensity loads without using the interval training technique.
Second, we explored the application of an incremental inspiratory muscle threshold loading test as a measure of inspiratory muscle performance using a technique adapted from that of McElvaney et al. 13 Our results indicated that supervised high-resistive loading offers no advantage over supervised low-resistive loading in patients with more severe lung disease when using the interval method of training. In addition, we demonstrated that both interval inspiratory muscle training and incremental testing are safe and useful methods when applied to this population. After obtaining physician approval, all subjects signed informed consent to participate in a protocol approved by the Human Subjects Committee of The Ohio State University. Subjects able to participate in supervised training sessions three times weekly for 12 weeks were randomized to one of two groups. All subjects completed a battery of pulmonary function tests and were instructed to take their prescribed medications as usual.
METHODS
Subjects contracting an infection throughout the 12-week program were not dropped from the study. With physician approval, subjects continued to train throughout the infection period at their preinfection training level. Subjects were not advanced to the next level until the infection had resolved and they had successfully completed three consecutive supervised training sessions, at their preinfection training level, without reporting fatigue or intolerable discomfort. Although we documented a physiologic loss in both inspiratory muscle strength and endurance with each infectious episode, none of the subjects had to be dropped because of the consequences of their pulmonary infection.
Equipment
Subjects were tested using a Nickerson and Keens15 threshold valve, modified to allow the addition of weights distal to the air intake valve without interrupting the subject's breathing pattern. 16 The negative pressure required to open the unloaded valve measured -4 cm H20 and increased in -2-cm increments with the addition of standardized weights of about 12.24 g. The weight/pressure relationship of the instrument was found to be linear when the device was maintained in an upright position.
A two-way nonrebreathing valve with saliva trap and mouthpiece (Hans Rudolph) was placed proximal to the threshold valve. Mouth pressure was measured from a sampling port at the mouthpiece using a differential pressure transducer (Validyne MP45-36-871). During inspiratory muscle strength (Pimax) maneuvers, a 16-gauge needle, piercing the mouthpiece, was used to provide an air leak and thus minimize the pressure effect of oropharyngeal muscles. '7 A pneumotachometer with heater control (Hans Rudolph), placed between the mouthpiece and threshold valve, was connected to carrier and integrator preamplifiers (Gould) to measure inspiratory flow rate and volume, respectively. Flow rate was calibrated using a rotameter (No. 10A4655S, Fisher and Porter) and volume was calibrated against a 3-L calibrating syringe. Inspired air was humidified using a humidifier-heater (Conchatherm, Respiratory Care) placed distal to the pneumotachometer.
A pulse oximeter (Physio-Control 1600) was used to monitor oxygen saturation. A direct writing recorder (Gould 2800S) provided a continuous record of oxygen saturation, inspiratory flow rate, inspired volume, and negative inspiratory pressure for realtime monitoring and data analysis.
Protocol
To control for a learning effect, each subject attended three practice sessions. All practice and subsequent testing sessions were conducted at the same time of day for each subject and consisted of the following four tests: (1) Pimax from FRC; (2) After baseline measures were recorded, subjects entered the 12-week inspiratory muscle interval training protocol using a threshold trainer (Threshold, Healthscan Products). The four tests listed above were conducted monthly and within 72 h of completion of the 12-week program. The training protocol and physiologic tests are discussed below.
Training protocol: The training protocol was based on the observation that the magnitude of the training response is proportional to the duration (endurance) and intensity (load) of the training stimulus.'0 After baseline measures were completed, subjects from all three treatment groups participated in the same interval training protocol three times weekly for 12 weeks, the only protocol variation being the higher vs lower load stimulus. The training load, or strength stimulus, was adjusted every 4 weeks for all groups, based on each subject's monthly incremental threshold loading (ITL) test. This was to ensure that the relative stimulus remained constant with respect to ability over the 12-week training period. This gradual increase also permitted adaptation to the physiologic stimulation while protecting against fatigue and potential injury.
The work to rest ratio, the endurance component, increased each week starting with 30 s work to 60 s rest times 10 repetitions (week 1) and progressing to 180 s work to 30 s rest times 6 repetitions (week 12). Each of the 12 weekly training sessions, with breathing pattern controlled through the use of an electronic metronome, was prerecorded on cassette tape. The total duration of the weeklytraining protocols gradually increased from 5 min in week 1 to 18 min in week 12.
Subjects able to participate in supervised training sessions were randomly assigned to one of two groups using a computergenerated list. Because some researchers believe that a pressure load of 70 to 80 percent of maximum capacity is necessary to stimulate optimal physiologic adaptation in muscle,'0"11, 9 subjects in group 1, the treatment group, trained at 75 percent of the maximum pressure load achieved during the Pitl test (this load corresponded to approximately 52 percent of Pimax; range, 36 to 69 percent). Group 2, the control group, trained at 30 percent of Pitl because it reflects a low-intensity load (approximately 22 percent of Pimax; range, 18 to 27 percent) and was similar to that used by Larson et al.5
Measurements
Pimax: Pimax was measured as the maximum negative pressure that could be maintained during a 1-s inspiratory effort against a closed valve from FRC. This static maneuver was repeated a minimum of four times; the best effort was recorded as Pimax for each test session.
ITL test: A symptom-limited pulmonary ITL test, or pulmonary ramp test, was designed for this study. While using visual feedback from an oscilloscope, subjects matched a respiratory rate of one breath every 3 s, a duty cycle of 1-s inspiration and 2-s expiration, and a flow rate of 0.6 (L/s) for male subjects and 0.53 L/s for female subjects. After quietly breathing through an unloaded system for 2 min, the threshold load began at -4 cm H2O pressure and increased by -2 cm after every fifth breath (every 15 s) until the subject either signaled to stop the test or was unable to match respiratory rate, duty cycle, and flow rate during three of the five breaths for that pressure load. The maximal threshold load successfully completed during the ramp test was recorded.
IE test: A steady-state test consisted of breathing against a threshold load, measuring 75 percent of the preceding Pitl test, for as long as possible. Tlim was determined as the point at which the subject was unable to match respiratory rate, duty cycle, and flow rate for three consecutive breaths.
The threshold load for the steady-state test was based on a percent of Pitl because this load was shown, by trial and error, to be more reproducible than a load based on a percent of Pimax. Subjects were able to maintain the threshold load of 75 percent of the baseline measurement, in keeping with suggestions made by the American College of Sports Medicine. 20 We found it impractical to conduct repeat endurance tests at the baseline load because, after 1 month of training, many subjects were able to exceed the 10-min limit. Therefore, we adjusted the endurance load to 75 percent of their new Pitl test. Because improvement in inspiratory muscle endurance is a function of both increased endurance time and pressure, we reported these results in terms of the total external work performed during the endurance run. That is: work=(volume X average pressure X Tlim)/3-s total breath period), where volume is the average tidal volume per breath, expressed in liters. Pressure is the average threshold pressure for each breath expressed in cm H20, and Tlim is total time of the test in seconds. Work is expressed in liters X cm H20.
12-Minute Distance Test (12 MD): The subject's functional ability was measured using the 12 MD from Cooper.'8 The 12 MD is considered to be a good indicator of functional ability because walking is a normal daily activity requiring no special training and yet requiring a prolonged submaximal effort.
The investigator read instructions for the 12 MD from a card to ensure consistency. Each subject was instructed to cover as much ground or go as far as possible on a premarked level surface in 12 min. To obtain an accurate measurement of distance walked, subjects walked a 50-m figure-eight-shaped track.
Three practice sessions have been used to nullify the learning effect in subjects with chronic bronchitis.2' Subjects in this study were given three practice sessions to learn to pace themselves for optimal performance. The fourth test's result was recorded as the baseline measurement.
Statistical Analysis
Repeated measures analysis of variance with the primary factor being "monthly test" was used to determine if each group improved across four time points for each dependent variable. The SS-STP procedure22 was used to make post hoc comparisons of preprotocol and postprotocol evaluations. To compare the training effects between the two groups, analysis of covariance was performed with repeated measures. For spirometry data, simple before and after effects were evaluated with paired Student's t tests. Significance of correlation between variables (linear regression) was tested using the "critical value" of the correlation coefficient.22 All data are expressed as mean + SD.
RESULTS
Twenty-two ambulatory, noninstitutionalized subjects completed baseline testing. Two subjects, one from each group, failed to complete the 12-week protocol; a subject from group 1 became homeless before beginning training and a subject from group 2 underwent surgery in week 4. There were no significant differences between groups based on age, weight, percent body fat, or pulmonary function testing (Tables 1 and 2) .
Subjects in each group trained at a predetermined percent of the maximum pressure attained during the Pitl; group 1 trained at 75 percent Pitl and group 2 trained at 30 percent Pitl. Group mean training loads for each month are presented in Table 3 .
Only subjects who received high resistance training (group 1) showed a significant pretraining to posttraining increase in Pimax (average increase= -11 cm H20 ± 8 cm, a 35 percent increase) (Fig 1) (Table 4 ). Both groups exhibited significant baseline to posttest increases in the maximum pressure attained during the Pitl (Fig 2) ( Table 4 ). The average work performance during steady-state endurance tests at 75 percent of Pitl was also significantly increased for subjects in group 1 (mean change=1,813 L X cm H20±1,392) and group 2 (mean change=1,331 L X cm H20±881) ( Table 4) . Subjects in both groups showed significant improvement in the 12 MD (Table 4) ; however, the respec- tive increases of 9 percent (group 1) and 2 percent (group 2) may not represent clinical improvement in exercise tolerance. While we established that severely impaired subjects with COPD were able to tolerate and benefit from supervised high-resistive loading, the data showed that high-resistive loading was not statistically superior to low-resistive loading or repeated measures analysis of covariance, crossed effects. The benefit may have been statistically minimized because of the smaller number of subjects in group 2, the number of infections within group 1, the range of total lung capacity (TLC) within each group, and the difference in initial abilities between subjects in the two groups.
While there were no pretraining to posttraining changes in lung volumes or results of pulmonary function tests, we noted an interesting relationship There have been a number of studies involving training subjects with COPD at sustainable inspiratory pressure (a relatively high load) vs a sham load.2'8 As in our study, the investigators documented significant improvement in inspiratory muscle endurance for subjects training at high-intensity loads.
Other investigators have been successful using lowintensity loads5 and again have reported results similar to those obtained in our study.
It was surprising to us that we could not identify strong differences in outcomes between groups based on intensity of training load. We have formulated several hypotheses to explain our outcome. It is feasible that the duration of the training sessions, progressing from 5 min per session in week 1 to 18 min per session in week 12 , was insufficient to discriminate between the two training intensities. Conversely, it is possible that the inspiratory muscles require only a modest conditioning stimulus to receive a significant training effect. It is also conceivable that because the inspiratory muscles are chronically loaded in these patients, high-intensity conditioning stimulus may have a catabolic effect on the muscles of some patients. This would be analogous to "overtraining."10 We prefer to think this is unlikely because the patients with the worst lung function in group 1 had the highest training effect.
Alternatively, the lack of distinction between results of the two threshold training loads may reflect inherent differences between groups. For example, (1) despite random assignment, the sexual composition of the groups differed; the male to female ratio was 6:6 for group 1 the training period (total of 11 infectious episodes), whereas three subjects in group 2 (38 percent) had two infections each over the same period. What we consider to be the best indicator of overall inspiratory muscle function (Pitl) showed a p=0.18 for the differences in training effect between groups 1 and 2.
Although we adhered to the conventional 0.05 level of significance, it could be argued that due to the small sample size and the inherent variability of this type of clinical comparison, differences at the p<0.20 level may be more likely to have clinical significance. Certainly, when designing an inspiratory muscle training protocol, it would appear that the chances of having the greatest impact on the patient improve when a high-intensity load is used.
Effects of Disease Severity on the Training Effect
To determine whether baseline lung function was related to changes in dependent variables, we applied regression analysis (correlation) between percent predicted TLC and both absolute and percent change for each dependent variable (Table 5) . Although other correlations were made, we believed that percent predicted TLC was most important because it should be related directly to the degree of chest wall dysfunction due to hyperinflation. Essentially all measured variables appeared to improve the most in patients who had the highest degree of hyperinflation and who were receiving high-intensity training. In contrast, hyperinflated individuals in the low-intensity group appeared to improve the least in most cases.
These findings suggest that subjects with relatively high TLC may require high training loads to significantly improve inspiratory muscle function. We hypothesized that these more hyperinflated individuals already have a high degree of inspiratory muscle conditioning, relative to their ability to generate Pimax, and that it requires a greater fraction of their maximum capacity to generate pressure sufficient to induce a significant training effect. This idea would be consistent with recent experiments that have shown that patients with COPD have an adequate or elevated level of diaphragm strength relative to normal individuals. 24 We also analyzed regression between FEV1 (percent predicted as an index of the degree of obstructive lung disease) and both absolute and percent change for each dependent variable (Table 5 ). There was a significant relationship between percent predicted FEV, and change in Pimax for group 1 for both absolute change (r=.69, p<0.01) and percent change (r=.67, p<0.02). We did not find a significant relationship between FEV, and changes in Pitl, IE, or the 12 The 12 MD is a commonly used test of general functional ability. In our study, both groups showed significant increases in distance walked. However, the increase of 9 percent for group 1 and 2 percent for group 2 may not be a clinically relevant distance. What may be more important is the fact that the patients with the greatest degree of improvement in overall inspiratory muscle function appeared to show the greatest improvement in 12 MD. The data suggest that these may be selective individuals, perhaps those who are ventilatory limited during endurance exercise, who may benefit the most from an inspiratory muscle training protocol.
Because there are no published methods by which to conduct the 12 MD, we took several measures to ensure the accuracy of our data. McGavin et al2l found a significant increase in distance walked over three successive attempts in subjects with chronic bronchitis. Subjects in this study were given three practice sessions to learn to pace themselves for optimal performance. The fourth test's result was recorded as the baseline measurement. The only significant difference in distance walked between two consecutive trials occurred between trails 1 and 2 for group 1 (p<0.01). However, there were significant increases across trials for group 1 (p<0.01 for trials 1 to 3 and 1 to 4). The data suggest that severely impaired subjects with COPD show improvement in the 12 MD over the first three to four tests, thereby lending support for the practice of offering three practice sessions before the baseline measurement is recorded.
In our study, subjects walked a figure-eight-shaped track measuring 50 m per revolution. A pulse oximeter was used to continually monitor oxygen saturation and supplemental oxygen, carried by the investigator, was administered to maintain an SaO2 of at least 85 percent throughout each test. Interval Training Interval or intermittent training may be critical in achieving optimal exercise training benefits in debilitated populations. The key to interval training lies in designing a program that balances a sufficient stimulus, in terms of intensity, with relief, thereby promoting the desired energetic changes without contributing to premature metabolic fatigue or overuse injury. In addition, alternating intervals of work and rest serve to keep the patient focused on the protocol, thus alleviating the boredom that may ensue during continuous training.
Program Length
What is the optimal length of an inspiratory muscle training program? There was no significant improvement at the 0.05 level for any dependent variable from month 2 to month 3. The data suggest that the optimal length for this particular inspiratory muscle interval training protocol was 2 months.
CONCLUSIONS
In summary, we have shown that both high-and low-intensity training using the interval method are effective in conditioning the respiratory muscles. In addition, incremental loading, similar to that of Martyn et a125 and McElvaney et al13 proved to be very effective for evaluating patients with COPD. Based on the data, three practice sessions are recommended to obtain a reproducible measurement for the 12 MD. Also, the optimal length of this interval training protocol was 2 months.
